Acid-sensing ion channels (ASICs) play an important role in synaptic plasticity and learning, as well as in nociception and mechanosensation. ASICs are involved in pain and in neurological and psychiatric diseases, but their therapeutic potential is limited by the lack of ligands activating them at physiological pH.
Introduction
Acid-sensing ion channels (ASICs) belong to the degenerin/epithelial Na + channel superfamily (Kellenberger and Schild, 2002) . The six identified ASIC subunits (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3 and ASIC4) encoded by four genes (ACCN1-ACCN4) (Wemmie et al., 2006) can form homotrimeric or heterotrimeric cation-selective ion channels (Benson et al., 2002; Askwith et al., 2004; Sherwood et al., 2011) . ASIC1a, ASIC2a, ASIC2b and ASIC4 isoforms are found in the CNS (Akopian et al., 2000; Alvarez de la Rosa et al., 2003; Wemmie et al., 2003) , while ASIC3 and ASIC1b isoforms are predominantly expressed in the peripheral nervous system (Chen et al., 1998; Babinski et al., 1999) . ASICs are implicated in neurotransmission, synaptic plasticity, learning, ischaemia and neuronal cell death and contribute to perception of acid-mediated inflammatory or post-operative pain (Wemmie et al., , 2003 Xiong et al., 2004; Gao et al., 2005; Yagi et al., 2006; Friese et al., 2007; Deval et al., 2008 Deval et al., , 2011 Yen et al., 2009 ). ASIC subunits demonstrate high-sequence conservation between different mammalian species (rat, mouse and human) and isoforms (rat isoforms show 45-80% sequence similarity). The crystal structure of chicken ASIC1 at 1.9 Å resolution showed that the three-dimensional architecture of ASIC subunits form trimeric functional complexes. Each ASIC subunit consists of relatively short intracellular Nterminus and C-terminus and two transmembrane domains (TM1 and TM2) connected by a large cysteine-rich extracellular domain (Jasti et al., 2007; Gonzales et al., 2009) .
Homomeric channels composed of ASIC1a or ASIC3 subunits are activated by protons at pH just below 7.0, while those composed of ASIC1b and especially ASIC2a require much lower pH for activation (Lingueglia et al., 1997; Waldmann et al., 1997a; Hesselager et al., 2004; Lin et al., 2008) . In response to fast decrease in extracellular pH, all homomeric ASICs generate a transient, quickly inactivating current. In addition, channels composed of ASIC3 subunits respond to pH changes from 7.4 to 6.5 or lower by slowly developing a sustained current, which lasts for the duration of the acidic stimulation (Osmakov et al., 2014) . The nature of this sustained component is not well understood.
Because the activation of the majority of ASICs requires a marked reduction in pH, protons are unlikely to play a significant role as ASIC activators under physiological or pathological conditions. It was therefore proposed that there are other ligands besides protons that can activate ASICs in vivo (Wemmie et al., 2013) . Several ligands have been identified as potential activators of ASICs, including a synthetic compound 2-guanidine-4-methylquinazoline (GMQ), which activates and potentiates ASIC3 at pH < 7.4 through an extracellular domain binding site distinct from the proton sensor (Yu et al., 2010) . A classical ASIC inhibitor amiloride applied at high concentrations has been recently shown to activate a sustained current through ASIC3 channels under conditions of moderate acidification (Li et al., 2011) . Low MW NMDA receptor channel blockers at submillimolar concentrations produced potentiation and/or inhibition of ASICs at pH of 6.5 and lower (Tikhonova et al., 2014) . The spider toxin PcTx1 that binds to ASIC1a at pH 7.4 was proposed to increase affinity of the channel to protons and convert it to a desensitized state (Chen et al., 2005) . Interestingly, PcTx1 acted as an agonist on chicken ASIC1a and as a positive allosteric modulator on rat ASIC1b (Chen et al., 2005 (Chen et al., , 2006 Baconguis and Gouaux, 2012) . The coral snake toxin MitTx demonstrated isoform-specific activation of ASICs, acting at nanomolar concentrations on ASIC1a and ASIC1b and at micromolar concentrations on ASIC3 (Bohlen et al., 2011) . Among endogenous ligands, lysophosphatidylcholine (LPC) and arachidonic acid at micromolar concentrations and pH 7.4 were shown to evoke a constitutive depolarizing ASIC3-mediated current and cause pain in rats (Marra et al., 2016) . Collectively, despite availability of ligands that activate ASICs, none of them activate ASICs independently of protons (i.e. at pH > 7.4).
In this study, we identify the first low MW natural compound, lindoldhamine (LIN) (PubChem CID 10370752), which acts as an agonist and positive allosteric modulator of human and rat ASIC3 channels in a broad range of pH, including pH > 7.4, when proton activation is entirely absent. In contrast to typical low MW regulators of ASICs, which always include basic chemical groups (e.g. amidine or guanidinium) (Yu et al., 2010; Li et al., 2011) , LIN is largely aromatic and carries no charge.
Methods
Isolation of the active component LIN was purified from an acetic acid extract of Laurus nobilis leaves. The plant material was collected in the North Caucasus and stored at room temperature in dry conditions. Dried laurel leaves (2g) were crushed and extracted with 80 mL of 10% acetic acid containing 10 mM EDTA and 1 mM PMSF for protease inhibition. Extraction lasted for 18 h at 24°C with constant stirring and was followed by 20 min centrifugation at 10000× g. The supernatant was collected, lyophilized and stored at À20°C till the next stages of purification. LIN was purified by two consecutive runs of the supernatant through chromatography columns connected to HPLC. First, the supernatant components were separated on the reverse-phase Luna C 18 column (250 × 10 mm, 5 μm; Phenomenex, Torrance, USA) using a 60 min linear gradient of acetonitrile (0 to 60%) in 0.1% Trifluoroacetic acid (TFA) at a constant flow rate of 5 mL·min À1 . In the second stage, the active component was isolated, using a Vydac C 18 column (250 × 4.6 mm, 5 μm) with a 60 min 10 to 40% linear gradient of acetonitrile in 0.1% TFA at the constant flow rate of 1 mL·min À1 . The eluted compounds were detected by absorbance at 210 and 280 nm.
Mass spectrometry
The purity of the chromatographic fractions and the determination of MW were performed using a Shimadzu LCMS-2020 single quadrupole detector equipped with an electrospray ion source (ESI) coupled to a LC-20A HPLC. Separation was achieved using Symmetry C 18 column (Waters, Milford, USA, 75 × 4.6 mm, 3.5 μm) and 5 min 10 to 60% acetonitrile gradient. Spectra in the 300-2000 m/z range were collected in both positive and negative modes. Lab Solution 5.65 software was used for data acquisition and analysis. 
Electrophysiological recordings from Xenopus laevis oocytes
All animal care and experimental procedures were in agreement with the guidelines of 'European convention for the protection of vertebrate animals used for experimental and other scientific purposes ' (Strasbourg, 18.III.1986 ). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Oocytes were surgically removed from the ovarian tissue of X. laevis, under conditions of cold anaesthesia. The whole animal was cooled down to 2-4°C, and then a small part of the ovary (~200 oocytes) was removed through a small (less than 1 cm) incision in the abdominal wall, which then was sewn with a single stitch. For each animal, the interval between surgeries was at least 3 months. A total of 10 female X. laevis frogs were involved in this study, and they were reused for no more than five times each. Oocytes were defolliculated and injected with 2.5-10 ng of cRNA. cRNA transcripts were synthesized from the linearized cDNA templates using the HiScribe ™ T7 High Yield RNA Synthesis Kit (NEB, Ipswich, USA) according to the protocol for capped transcripts supplied by the manufacturer. Human ASIC3 (hASIC3) cDNA (AF057711.1) was subcloned from EX-Q0260-B02 (GeneCopoeia, Inc., Rockville, USA) to pcDNA3.1 and linearized by NaeI (Promega, Madison, USA). Similarly, cRNAs were also synthesized from PCi plasmids containing rat ASIC3 (rASIC3), rat ASIC1a and ASIC2a isoforms. Integrity of ASIC genes was confirmed by DNA sequencing of the entire inserted fragments. After injection, the oocytes were kept for 2-3 days at 19°C and then up to 7 days at 15°C in ND-96 medium supplemented with gentamycin (50 μg·mL À1 ) and containing (in mM): 96
NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 and 10 HEPES titrated to pH 7.4 with NaOH. Two-electrode voltage-clamp recordings were performed using the GeneClamp500 amplifier (Axon Instruments, Inverurie, UK) at the holding potential of À50 mV. The data were filtered at 20 Hz and digitized at 100 Hz using the L780 AD converter (L-Card, Moscow, Russia). Microelectrodes were filled with 3 M KCl. The external solution was ND-96 with pH adjusted to 8.5, 8.0, 7.8, 7.6, 7.4, 7 .3 or 7.0. Proton-activated currents through ASIC channels were elicited by application of ND-96, in which 5 mM of HEPES was substituted with 10 mM acetic acid at pH 4.0 or 10 mM MES at pH < 7.0. Extracellular solutions were applied using a computer-controlled valve system.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . In all experiments, the responses were recorded by a person not blinded to the treatment. Analysis of electrophysiological data was performed using OriginPro 8.6 software (OriginLab, Northampton, USA). Curves were fitted using the logistic equation:
, where F(x) is the current amplitude at the ligand concentration x, A is the maximal current amplitude, x0 is the EC 50 value and n is the Hill coefficient (slope factor). All data are presented as mean ± SEM. Significant differences between normalized data measurements were determined using the non-parametric Kruskal-Wallis ANOVA test, with the significance level set at P < 0.05.
Materials
GMQ was obtained from Sigma-Aldrich (Steinheim, Germany). Peptide APETx2 was also produced by the method of heterologous expression in Escherichia coli. Lyophilized LIN was dissolved in ND96 buffer corresponding to that used in the experiment. Fresh solutions of the compounds were made immediately before the experiments.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017) .
Results

Isolation from L. nobilis
We tested a number of medicinal plant extracts and invertebrate venoms available in our laboratory and found that the acetic acid extract from laurel leaves produced strong activation of ASICs. The extract from L. nobilis leaves was separated by two-stage reverse-phase chromatography (see Methods), and its components were subsequently tested on human ASIC3 channels using electrophysiology. As a result, only one component of the extract (MW of 568.25 Da) was active (Supporting Information Figure S1 ). In L. nobilis leaves, this component is abundant and comprises~0.03% of the weight of crude dried plants. Two-electrode voltage-clamp recordings from X. laevis oocytes expressing hASIC3 showed that at the holding membrane potential of À50 mV, this component induced a slowly increasing inward current at pH 7.8 or caused strong potentiation of ASIC-mediated transient currents activated by protons (pH 5.5, Figure 1A ). Solubility limit of LIN was 30 mM in H 2 O and 3 mM in the conditioning buffer ND96, and the latter was the maximum concentration we applied in electrophysiological experiments.
Structure of the active component 1 H NMR spectrum of the compound showed 11 protons in the aromatic region (7.1-6.2 ppm, Supporting Information Table S1 and Figure S2 ), in which two signals had an BJP D I Osmakov et al.
observable splitting constant (7.133 and 6.841 ppm, 2H each, J = 8.3 Hz) and seven singlets of 1H each. In the aliphatic region, there were two methoxy singlets (3.657 and 3.867 ppm, 3H and 3H), two overlapped protons near 4.6 ppm and 12 overlapped protons of high multiplicity in the range of 3.4-2.0 ppm, making the total of 31 protons in the NMR spectrum (Supporting Information Figure S2 HMBC spectrum, and at least two oxygens were detected in the methoxy groups. All of the acquired 1 H/ 13 C NMR spectra were pH-independent in the range of pH 2.0-6.8 (Supporting Information Figure S2 ), suggesting that ionogenic groups are not present in the molecule. Figure 1B ). Although this bisbenzylisoquinoline alkaloid was first described in 1976 (Lu and Chen, 1976) , the corresponding NMR data have not been available. Thus, our Supporting Information Table S1 represents the first complete NMR signal LIN assignment by means of modern high-resolution 2D NMR. By measuring [α] D with a PerkinElmer Model 241 polarimeter, we determined LIN stereochemistry that turns out to be the same as proposed previously (Lu and Chen, 1976) .
ASIC activation by LIN
The ability of LIN to activate ASICs was studied using two-electrode voltage clamp of X. laevis oocytes expressing different ASIC subunits. No LIN-activated currents were recorded from uninjected oocytes (Supporting Information Figure S3 ). At the extracellular pH ≥ 7.4, LIN caused sustained inward currents through human and rat homomeric ASIC3 channels (Figure 2 ). The slow inward current activation kinetics in human ASIC3 (hASIC3) channels (τ on = 848 ± 454 ms, n = 6, at 1 mM of LIN, Figure 2B ) were
Figure 1
Effects of LIN on hASIC3 and its structure. (A) Activating and potentiating effects of LIN, extracted from L. nobilis leaves, on human ASIC3 channels. LIN (1mM) was first applied at pH 7.8, and then pH was changed to 5.5 (mean for LIN-induced steady current was 46.5 ± 7.6%, and mean for LIN-potentiation of transient current was 253 ± 31% of pH 5. similar to the kinetics of the sustained current activated by protons (τ on = 869 ± 348 ms, n = 5, pH 6.0). At pH 7.8, the amplitude of the LIN-activated currents through hASIC3 channels increased with LIN concentration but did not reach its maximal value at the highest applied LIN concentration of 3 mM ( Figure 2E ). Fitting with the logistic equation approximated the maximal amplitude of the LIN-activated current (I max ) as 122.6 ± 22.4% of the control current in response to the drop of pH to 5.5, the apparent half-maximal concentration (EC 50 ) of 1.53 ± 0.83 mM and the Hill coefficient (n H ) of 0.93 ± 0.16 (n = 6). Increasing the extracellular pH to 8.5 resulted in significant enhancement of LIN-induced activation ( Figure 2F ), indicating that it did not require protons. In the presence of 1 μM of the APETx2 toxin, a well-known ASIC3-selective inhibitor, the amplitude of the LIN-induced currents was markedly reduced ( Figure 3A, B) . This inhibition produced by the recombinant APETx2 was slightly weaker but comparable with the previously reported inhibition of proton-induced currents by APETx2 obtained from a natural source (~80%, Diochot et al., 2004) . Therefore, the inhibition by APETx-2 of LIN-activated currents, illustrated in Figure 3 , strongly supports their ASIC3-specific origin. LIN activation of rat ASIC3 (rASIC3) channels was weaker than hASIC3 channels but was similarly far from saturation at 3 mM LIN ( Figure 2C, D) . Fitting the rASIC3 activation curve with the logistic equation yielded the I max and EC 50 values of 65.3 ± 13.3% and 3.2 ± 1.5 mM, n H of 0.82 ± 0.07 (n = 5) respectively ( Figure 2E ). The average current recovery time constant after termination of LIN application (τ off ) for rASIC3 (2.3 ± 0.4 s, n = 7) was three times smaller than that for hASIC3 (6.1 ± 2.9 s, n = 5), suggesting higher LIN affinity to hASIC3. No significant activation of rASIC1a or rASIC2a by LIN was detected at up to 1 mM LIN concentrations (Supporting Information Figure S4 ).
Comparison of LIN with another ASIC3 activator, GMQ
To compare the potency of LIN with that of the known ASIC3 activator GMQ, we measured their activity in the same experiment (Figure 4 ). When applied simultaneously with the pH step from 7.8 to 7.0, 1 mM GMQ activated inward currents through human and rat ASIC3 channels with the 133 ± 14% (n = 5) and 106 ± 5% (n = 5) amplitudes of their control values in the absence of GMQ respectively. Strikingly, at the same 1 mM concentration, LIN activated human and rat ASIC3-mediated currents with the amplitudes of 285 ± 15% (n = 5) and 139 ± 8% (n = 5) of the control respectively. Therefore, LIN-induced activation of ASIC3 channels occurred not only without assistance of protons, it was also much more potent than activation by the well-known ligand GMQ.
The effect of LIN on proton-induced currents
To study the effect of LIN on proton-induced currents, we coapplied a pH stimulus ( Figure 5) . LIN was applied at the concentration of 0.3 mM, which was sufficient to activate both hASIC3 and rASIC3 channels ( Figure 2B-D) . We measured the maximal current amplitude ( Figure 5C ) and the time, at which the current reaches its maximum (latency) ( Figure 5D ) and did not observe a proportional increase in values of these parameters with decreasing pH. For human and rat ASIC3, the most pronounced modulating effect was observed at pH 6.0-6.5, demonstrating that changes in both current amplitude and latency became smaller with increasing extracellular concentration of protons. At pH > 6.0, LIN induced a weak inhibition of proton-induced rASIC3 currents and potentiation of hASIC3 currents. LIN therefore acted as a positive modulator only on hASIC3-mediated proton-induced currents.
Figure 3
LIN-induced current inhibition by ASIC3-specific inhibitor APETx2. (A) Whole-cell currents recorded from human ASIC3 channels in response to 1 mM LIN application alone (black trace) or at presence of 1 μM APETx2 at the constant pH 7.8. (B) Inhibition of 1 mM LIN-induced hASIC3 current measured at pH 7.8 by 1 μM APETx2. Data shown are mean ± SEM; n = 5. *P < 0.05, significantly different from current amplitudes at pH 7.8; Kruskal-Wallis ANOVA.
Figure 4
Comparison of LIN and GMQ effects on human and rat ASIC3 channels. Whole-cell currents recorded from (A, B) human or (D, E) rat ASIC3 channels in response to 1 mM LIN and GMQ applications at the constant pH 7.0. The maximal current amplitudes for (C) hASIC3 and (F) rASIC3. Data shown are mean ± SEM; n = 5. *P < 0.05, significantly different from amplitudes of the control current at pH 7.0 and currents activated by LIN and GMQ; Kruskal-Wallis ANOVA. 
LIN potentiation of the transient hASIC3 currents
To further study the effect of LIN on the proton-activated ASIC currents, we pre-incubated cells with LIN for 15 s before applying the pH stimulus (pH drop from 7.8 to 5.5). LIN had a strong potentiating effect on hASIC3 currents resulted peak current amplitudes more than double that of the control ( Figure 6A ). The maximum current potentiation was observed at 100 μM LIN, while further increase in LIN concentration led to a reduction of potentiation and a delay in the peak response latency (Figure 6A, B) . The reduced potentiation of the peak current at LIN concentrations higher than 100 μM was accompanied by an increase in the baseline current amplitude ( Figure 6A , traces to the right), likely to be due to an enhanced contribution of LIN-induced protonindependent activation (Figure 2) , suggesting that the two actions of LIN are mutually exclusive but additive in reaching the maximum net hASIC3 current. Fitting of the current amplitude with the logistic equation in the range of 0.1-300 μM LIN concentrations (EC 50 = 3.77 ± 0.48 μM, n H = 1.12 ± 0.13, n = 7) ( Figure 6B ) demonstrated that LIN is nearly 1000 times more effective as a potentiator of the hASIC3 peak current in Figure 5 Effects of LIN co-administered with acidic stimuli on ASIC3-mediated currents. Whole-cell currents recorded from (A) human or (B) rat ASIC3 channels held at pH 7.8 in response to different pH stimuli alone or co-applied with 0.3 mM LIN. (C) Current amplitude and (D) latency time calculated for different pH stimuli. Data are mean ± SEM (n = 6).
response to acidification than the proton-independent activator at high pH. Notably, the lack of leftward or rightward shifts in the pH activation curve ( Figure 6C ) indicated that LIN did not alter sensitivity of hASIC3 to protons: pH 50 = 6.04 ± 0.05 for control and pH 50 = 6.03 ± 0.04 in presence of 30 μM LIN (n = 5). Under the same conditions, Figure 6 Effects on ASIC3-mediated currents of LIN pre-incubation. (A) Whole-cell currents recorded from human ASIC3 channels held at pH 7.8 in response to different pH 5.5 stimulus, with (red) or without (black) 15 s pre-incubation with LIN at different concentrations. (B) Peak current amplitude for hASIC and rASIC at different concentrations of pre-incubated LIN. The dose-response curve for hASIC3 is fitted with the logistic equation. Data are mean ± SEM (n = 7). (C) pH dependence of hASIC3 activation in the absence and presence of 30 μM LIN. hASIC3 held at pH of 7.8 was activated by various acidic pH stimuli. The peak current amplitudes are plotted as a function of pH and fitted with the logistic equation (pH 50 = 6.04 ± 0.05 and n H = 2.15 ± 0.46 for control vs. pH 50 = 6.03 ± 0.04 and n H = 2.06 ± 0.27 for LIN) showing no significant shift in the activation curve in the presence of LIN. (D) Whole-cell currents recorded from rat ASIC3 channels held at pH 7.8 in response to different pH 5.5 stimulus, with (red) or without (black) 15 s pre-incubation of LIN at different concentrations. Data are mean ± SEM (n = 5).
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instead of potentiation observed for hASIC3-mediated currents, LIN induced a weak inhibition of rASIC3-mediated currents ( Figure 6B, D) .
LIN-induced recovery of proton-activated hASIC3 currents
We propose that the transient potentiation of protonactivated currents is a result of LIN-induced recovery of hASIC3 channels from desensitization.
To test this idea, we used the protocol illustrated in Figure 7A , where the pH stimulus was applied in the presence of LIN after cells were pre-incubated with LIN at pH 7.3. Maintaining cells at pH 7.3 without LIN completely eliminated the transient component of the proton-activated hASIC3 current, apparently due to desensitization (black traces in Figure 7A ). In contrast, LIN pre-incubation restored this transient current ( Figure 7A, red traces) . Moreover, the amplitude of this restored transient current sometimes exceeded the amplitude of the control current recorded in Figure 7 LIN-induced recovery of the transient hASIC3 current. (A) Whole-cell currents recorded from human ASIC3 channels held at pH 7.3 in response to different pH stimuli in the presence (red) or absence (black) of 0.1 mM LIN pre-incubated for 15 s before the pH stimulus. (B) Dose-response curves for potentiation of hASIC3 currents by LIN at the holding pH 7.3 and 7.8. For both pHs, the pH of the activating stimulus was 5.5. The maximum amplitude (I max ) was calculated for each cell by individual fitting, and the data were normalized to it, then the normalized data were averaged and fitted by the logistic equation. Correspondingly, solid and dotted lines through the points fit with the logistic equation. Data are mean ± SEM (n = 6). (C) pH dependence of hASIC3 steady-state desensitization (SSD) in the absence and presence of 10 and 50 μM LIN. hASIC3 held at various conditioning pHs was activated by pH 5.5 stimulus. The peak current amplitudes are plotted as a function of pH and fitted (solid lines) with the logistic equation [pHSSD 50 = 7.73 ± 0.03 (n H = 6.90 ± 0.74) for control vs. pHSSD 50 = 7.70 ± 0.03 (n H = 6.81 ± 2.82) for 10 μM LIN and pHSSD 50 = 7.62 ± 0.04 (n H = 3.1 ± 1.4) for 50 μM LIN] showing no significant shift in the SSD curve in the presence of LIN. Data are mean ± SEM (n = 6).
response to pH reduction from 7.8 to pH of the corresponding acidic stimulus.
Fitting the amplitude of the LIN-induced transient current with the logistic equation (EC 50 = 16.2 ± 2.2 μM, n H = 1.03 ± 0.13, n = 6) showed a fivefold reduction in the LIN apparent affinity at pH 7.8 ( Figure 7B ). Thus, LIN can induce the recovery of hASIC3 channels from desensitization, and an increase in proton concentration during LIN preincubation resulted in weakening of its potentiating effect.
The effect of LIN on proton dependence of hASIC3 desensitization
The proton dependence of desensitization has been extensively studied in rat ASIC3 channels, with the pH 50 values reported in the pH range of 6.9 to 7.1 (Waldmann et al., 1997a; Gründer and Pusch, 2015) . In contrast, such data have not been available for human ASIC3 channels. Our results show that the conditioning pH value, which causes 50% desensitization of the transient current (pHSSD 50 ), is 7.73 ± 0.03 ( Figure 7C , black curve). As illustrated in Figure 7C , LIN displayed a significant potentiating effect at pH 8.0, when desensitization is negligible. Additionally, at 50 μM concentration, LIN caused a rightward shift of the desensitization curve pHSSD 50 = 7.62 ± 0.04. This shift was accompanied by a decrease in the value of the Hill coefficient: n H = 6.9 ± 0.7 for the control versus n H = 3.1 ± 1.4 for 50 μM LIN.
This result suggests that the mechanism of LIN-induced current potentiation is more complicated than just a recovery of hASIC3 channels from desensitization.
Discussion
ASICs were discovered in 1980 (Krishtal and Pidoplichko, 1980) and cloned and characterized in 1997 (Waldmann et al., 1997b) . Although they have attracted the attention of many laboratories around the world, there is no consensus about whether protons are the only or the most effective activators of ASICs (Askwith et al., 2000; Krishtal, 2015) . Even though other channel activators, such as GMQ and agmatine, have been identified, there is still an open question regarding the availability of proton-independent activators. For example, GMQ (Yu et al., 2010) did not activate rat ASIC3 at pH 7.8, thus acting as a proton-dependent gating modulator at pH 7.4 (Alijevic and Kellenberger, 2012; Gründer and Pusch, 2015) . Similar results were obtained for PcTx1, which promoted ASIC1b opening under slightly acidic conditions (Chen et al., 2006) .
Here, we present the activation of ASIC3 channels by the bisbenzylisoquinoline alkaloid LIN. Bisbenzylisoquinoline alkaloids are structural dimers of 1-benzylisoquinolines, a family of plant secondary metabolites derived from pharmacologically active tyrosine. For example, (+)-tubocurarine, one of the prominent bisbenzylisoquinoline alkaloids, is the principal neuromuscular blocking agent found in curare. Tetrandrine and dauricine are calcium channel blockers with antihypertensive and anti-arrhythmic actions (Qian, 2002) . First isolated from the plant Triclisia sacleuxii, LIN was characterized as an AChE inhibitor with micromolar affinity (Murebwayire et al., 2009; Liu et al., 2012) .
Our results show that LIN represents the first protonindependent activator of ASIC3, eliciting slowly developing, non-desensitizing currents at basic pH. Previously, it was postulated that ASIC activation required electrostatic interaction of charged ligands with charged binding sites on the channel (Jasti et al., 2007; Paukert et al., 2008; Yu et al., 2010; Tikhonova et al., 2014) . Contrary to this postulate, the LIN molecule is neutral, i.e., it lacks positive or negative charge at pH varying from 1 to 8 (Supporting Information Figure S2 ). Accordingly, LIN is most likely to interact allosterically with ASIC3 channels. LIN activates ASICs at high pH, when the concentration of protons is too low to elicit the proton-activated currents. In contrast to GMQ, when the pH was shifted from neutral to alkaline, the activating effect of LIN not only did not decrease, but, on the contrary, increased ( Figure 2F ). It follows that proton binding is not necessary for ASIC3 activation. Thus, LIN was shown to be a truly protonindependent activator.
The non-desensitizing, LIN-induced, proton-independent currents have onset kinetics, similar to those of the protoninduced sustained currents. The significant difference between the EC 50 and τ off values for human and rat ASIC3 suggests that LIN has higher affinity to human channels. A higher value of I max also indicates a greater efficacy of opening of human channels by LIN.
Apart from proton-independent ASIC activation, LIN also potentiated a transient component of ASIC responses to protons. This potentiation was species-specific, being observed for hASIC3 but not for rASIC3 ( Figure 6B ). LIN therefore represents the first ASIC3 positive modulator that displays a pronounced species specificity. In contrast to other ASIC activators (GMQ and LPC) (Alijevic and Kellenberger, 2012; Marra et al., 2016) , LIN did not shift the pH-activation curve, implying that LIN potentiation is not a result of increased channel affinity to protons in the presence of LIN ( Figure 6С ). In our experiments, hASIC3-mediated currents were completely desensitized at pH 7.3. However, pre-incubation of hASIC3 channels with micromolar concentrations of LIN restored the transient current component. For both effects, the n H~1 value suggests that both potentiation and recovery of ASIC from desensitization result from LIN binding to a single site. As the potentiating effect of LIN was observed at pH 8.0, when proton-induced desensitization is negligible ( Figure  7С ), we assume that LIN exerts its potentiating effect both in protonated and non-protonated states of hASIC3 channels.
Because pH reduction caused a rightward shift of the dose-response curve ( Figure 7B ) and LIN caused a rightward shift of the desensitization curve ( Figure 7C ), LIN appears to compete with protons for binding to the same sites. Therefore, it is very likely that proton binding sites responsible for desensitization and the LIN binding site overlap. On the other hand, as activation of transient current by protons was observed in the presence of LIN ( Figures 6A and 7A The effects of LIN in recovering and potentiating the transient ASIC currents may be especially interesting for its clinical application as they can be useful for normalizing the dynamic processes of pain sensitivity, disturbed by pathological conditions. Significant differences in the activating and, more importantly, potentiating effects of LIN on ASICs should be taken into account when evaluating the clinical potential of this alkaloid. The strongly expressed speciesselective action of LIN makes it a valuable tool for determining the molecular basis of differences in the pharmacology of rat and human ASIC3 channels.
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article.
https://doi.org/10.1111/bph.14134 Figure S1 Purification of LIN. A, The first separation stage of the acetic extract of L. nobilis leaves on a reverse-phase column LunaC18 (10x250mm) in 0.1% TFA with a flow rate 5 ml/min using a linear gradient of acetonitrile concentration. B, Final purification on a column VydacC18 (4.6x250mm) in 0.1% TFA with a flow rate of 1 ml/min using a linear gradient of acetonitrile concentration. Fractions containing the active component are marked by an arrow. Figure S4 LIN application on rat ASIC1a and rat ASIC2a channels. (A) Whole-cell current traces recorded from rat ASIC1a channels held at pH 7.8 in response to pH 5.5 stimulus (left panel) and to 1 mM LIN (right panel). The mean of LIN-induced current was 0.55 ± 0.13% of pH 5.5-induced current, n = 6. Data are mean ± SEM. (B) Whole-cell traces recorded from rat ASIC2a channels held at pH 7.8 in response to pH 5.5 stimulus (left panel) and to 1 mM LIN (right panel). The mean of LIN-induced current was 0 ± 0% of pH 5.5-induced current, n = 5.
